Hepatic cirrhosis-induced Minimal hepatic encephalopathy (MHE) has been characterized for cognitive dysfunction and central nervous system (CNS) insulin resistance (IR) has been acknowledged to be closely correlated with cognitive impairment while hepatic cirrhosis has been recognized to induce IR. Thus, this study aimed to investigate whether CNS IR occurred in MHE and induced MHE, as well as the underlying mechanism. We found IR in the MHE rats, an especially decreased level of the insulin receptor (InsR), and an increased serine phosphorylation of IRS1 in CNS. PI3K/AKT pathway signaling to the phosphorylation of N-Methyl-D-Aspartate receptors (NMDA receptors, NRs, NR1/NR2B) and downstream activation of the CaMKIV/CREB pathway and final production of neurotrophic factors were triggered by insulin, but impaired in the MHE rats. Additionally, CNS IR, memory impairment, the desensitization of the PI3K/AKT/NMDA receptor (NR)/CaMKIV/CREB pathway and decreased production of BDNF/NT3 in MHE rats were improved by rosiglitazone (RSG). These results suggested that IR, which induces the deficits in the insulin-mediated PI3K/AKT/NR/CaMKIV/CREB/ neurotrophin pathway and subsequent memory decline, contributes to the pathogenesis of MHE.
MHE is clinically relevant, as it affects the quality of life and the job performance of patients with chronic liver disease (Wein et al., 2004) . These manifestations are potentially reversible, especially, if the diagnosis is made early in the course of the disease (Blei and Cordoba, 2001) . Therefore, the underlying pathogenesis of MHE urgently needs to be solved.
Insulin resistance (IR) is a state of decreased responsiveness of target tissues to normal circulating levels of insulin (Bruce and Hanson, 2010) . IR has a rather loose definition, but it generally refers to the fact that tissues do not respond sufficiently to physiological insulin concentrations. Additionally, insulin, a peptide secreted by pancreatic beta cells, enters the central nervous system by crossing the blood-brain barrier in a regulated and saturable fashion. Many studies have found that IR plays an important role in the occurrence and development of dementia. IR causes cognitive dysfunction, and increases the risk of developing dementia. Brain insulin resistance is associated with memory impairment in rats as suggested by the increased latency times in the Barnes maze test (Agrawal and Gomez-Pinilla, 2012 ).
An association between diabetes mellitus (DM) and liver cirrhosis was named as hepatogenous diabetes, in which 57% of cirrhotic patients showed increased insulin resistance (Megyesi et al., 1967) . Various pathogenesis factors are involved in the development of insulin resistance (Kawaguchi and Sata, 2010; Kawaguchi et al., 2009) . Serum insulin levels are higher in diabetic patients with chronic liver disease than those in patients with lifestyle-related DM (Kawaguchi et al., 2004) , suggesting that besides over-eating, obesity, and physical inactivity, distinctive factors may underlie the pathophysiology of hyperinsulinemia in patients with chronic liver disease. In addition to the peripheral effects, insulin plays important roles in the central nervous system (Baskin et al., 1987) . Moreover, cross-talk between the liver and the brain is an important issue in the development of IR. Based on the existing literature, we hypothesized that IR took place in liver cirrhosis-induced MHE and IR was involved in the pathogenesis of MHE.
Brain insulin signaling plays a critical role in the regulation of food intake, body weight, reproduction, learning, and memory (van der Heide et al., 2006) . Insulin initiates its effects by binding to the extracellular a-subunit of the insulin receptor (InsR), resulting in autophosphorylation of the intracellular bsubunit (Kim and Feldman, 2012) . Once activated, the InsR recruits and phosphorylates the intracellular InsR substrate (IRS-1) family of proteins substrates. InsRs are widely expressed in the brain, including in the olfactory bulb, cerebral cortex, hippocampus, hypothalamus, and amygdala (Unger et al., 1991) . InsRs are mainly concentrated in post-synaptic densities (McNay et al., 2010) . In addition, InsR mRNA and protein levels are increased in the hippocampus CA1 region in association with short-term memory formation after a spatial memory task (Zhao et al., 1999) , suggesting that neuronal insulin sensitivity could be enhanced during learning (de la Monte, 2009) .
In general, IRS-1 serine/threonine phosphorylation inhibits insulin signaling by antagonizing tyrosine phosphorylation (Boura-Halfon and Zick, 2009) . Increased serine/threonine phosphorylation of IRS-1 accelerates its dissociation from the InsR and downstream signaling molecules, induces mislocalization, and accelerates its degradation by the ubiquitin-proteasome pathway. Multiple IRS-1 serine kinases are activated during IR, resulting in increased IRS-1 serine phosphorylation and impaired insulin signaling (Boura-Halfon and Zick, 2009 ). Increased IRS-1 serine phosphorylation in IR states, including obesity and T2D, has been reported in both animal and human studies (Langlais et al., 2011) . It has been suggested that poor cognitive performance in MHE is associated with a decrease in InsR expression and an increase in basal IRS-1 serine phosphorylation, a key signature of IR.
Insulin is implicated in neuronal survival, synaptic plasticity, memory, and learning (van der Heide, Ramakers and Smidt, 2006) , and the IRS-1-PI3K-AKT pathway is one of the canonical pathways. Phosphorylated tyrosine residues on IRS-1 recruit downstream signaling molecules, such as the p85 subunit of phosphatidylinositol 3 kinase (PI3K), which activate AKTmediated signaling. It is hypothesized that the insulinmediated PI3K/AKT pathway regulates the downstream memory-associated pathway in MHE.
In the present study, we tested whether IR is linked to impairment in learning and memory in MHE. Because the activity of N-Methyl-D-Aspartate receptors (NMDA receptors, NRs) (Morris and Frey, 1997) and CaMKIV/CREB signaling (Jaworski et al., 2003) plays an essential role in certain forms of learning and memory, this study was aimed at establishing the insulinmediated AKT/NRs/CaMKIV/CREB pathway. Here, we report that chronic treatment with rosiglitazone (RSG), an insulin sensitizer, improves recognition and spatial memory in the MHE rat model via activation of the AKT/NRs/CaMKIV/CREB pathway.
MATERIALS AND METHODS
MHE models and treatments. A total of 50 Sprague Dawley rats (from the Experimental Animal Center of the Chinese Academy of Sciences in Shanghai) weighing 220-250 g were used. Rats were housed under controlled conditions of temperature (24 6 1 C) and light (12 h of light starting at 07:00 a.m.), and all experiments were carried out in accordance with the guidelines of the Ethics Committee of the Affiliated Hospital of Wenzhou Medical University regarding the care and use of animals for experimental procedures (Albrecht et al., 2000) . Before experimenting, all of the animals underwent a series of behavioral tests: Y-maze (YM) and water-finding task (WFT). Normal values of these behavioral tests were obtained. Rats were then randomly divided into 2 groups: the control group (n ¼ 20) and the thioacetamid (TAA) group (n ¼ 30). Liver cirrhosis was induced by intraperitoneal injection (i.p.) of TAA (200 mg/kg in normal saline, Sigma-Aldrich, St. Louis, MO, USA) twice a week for 8 weeks. TAA-treated rats with symptoms were diagnosed with HE as follows. Symptoms of HE: later development of decreased motor activity, lethargy, and eventual progression to a coma. TAA-treated rats with no HE symptoms were then again subjected to behavioral tests to confirm whether or not they had MHE. If the TAA-treated rats met the criteria as follows, the rats were included in the MHE group. Criteria of MHE: (a) YM values were lower than mean 61.96ÁSD; and (b) WFT values were more than mean 61.96ÁSD.
MHE rats were intraperitoneally injected with RSG (5 mg/kg) for 2 weeks alone or after intracerebroventricular injection with 50 nmol of ly294002 or 0.5 ml of scrambled siRNA plasmid or 0.5 ml of AKT1 siRNA plasmid for 24 h, then they were subjected to YM and WFT tests, respectively. Then the rats were killed to collect the blood, liver, and brain tissues.
Y-maze (YM) test. Rats were individually placed at the end of an arm and allowed to explore the maze freely for 8 min. Total arm entries and spontaneous alternation percentage (SA%) were measured. SA% was defined as a ratio of the arm choices that differed from the previous 2 choices (successful choices) to total choices during the run ("total entry minus two" because the 2 entries could not be evaluated) (Yamada et al., 2005) .
Water-finding task (WFT) test. A rat was placed at the near-right corner of the apparatus and allowed to explore it freely for 3 min. Rats were omitted from the analysis when they could not find the tube within the 3-min exploration. After the training session, rats were deprived of water for 24 h. In the trial session, rats were again individually placed at the same corner of the apparatus and allowed to find and drink the water in the alcove. The elapsed times until the entry into the alcove (entry latency, EL), until the touching/sniffing/licking of the water tube (contacting latency, CL), and until the initiation of drinking from the water tube (drinking latency, DL) were measured (Kawasumi et al., 2004) .
Histopathology. Liver tissues were fixed in 10% formalin for 24 h and then paraffin-embedded in an automated tissue processor; 5-lm sections were stained with hematoxylin and eosin (H&E) or sirius red and subjected to histopathological examination.
Primary hippocampal neuron (PHN) culture and treatments. PHNs were prepared from 1-day-old Sprague Dawley rat pups. Cells were dissociated from freshly dissected hippocampus by mechanical disruption in the presence of trypsin and DNase and then plated in poly-L-lysine-pre-coated 6-well plates. Then cells were incubated with insulin (a final concentration of 100 nmol/l) in the presence or absence of 30 lM of PI3K inhibitor ly294002, 1 lM of AKT inhibitor tricribine, and 10 lM of NRs antagonist MK-801 (Yang et al., 2006) .
Immunoprecipitation. The clarified lysate (0.5 mg) was immunoprecipitated with 0.5 ml of antibody at 41 C overnight. The protein A agarose beads (30 ml, 50% slurry, GE Healthcare, Chicago, IL, USA) were added to the IP reaction product to catch the immune complex at 41 C for 3 h. The immune complex on the beads was washed three times with buffer containing and subjected to SDS-PAGE followed by transferring onto the PVDF membrane (Millipore, Billerica, MA, USA). The membrane was immunoblotted with antibody (Abcam, Cambridge, UK).
Cytoplasmic calcium measurement. PHNs were plated on collagencoated coverslips inserted in 35-mm dishes (MatTek Corporation, Ashland, MA, USA) and cultured overnight (Wang et al., 2004) . Coverslip-attached cells were loaded with 2 lM of Fura-2 acetoxymethyl ester (Molecular Probes, Inc., Eugene, OR) for 40 min at 37 C in the dark. Fura-2-loaded cells were treated with insulin (a final concentration of 100 nmol/l) in the presence or absence of 1 lM of tricribine and 10 lM of MK-801. The cells were immediately monitored via a Hamamatsu OREAER-AG digital CCD camera (Hamamatsu Photonics, Japan) coupled to a Nikon inverted microscope (Nikon Inc., Melville, NY, USA). Measurement of fluorescence intensity was performed at a rate of 200 points/s, and the ratio of absorbance at 340/381 nm (A340/ A380) was computed using Dynamic Intensity Analysis (Compix Inc., Cranberry Township, PA, USA).
Detection of fasting glucose and insulin levels. After the behavior tests, the rats were fasted for 12 h, 3 ml of collected blood samples were centrifuged at 1200 Â g. The fasting blood glucose levels were determined by a glucose-oxidase biochemistry analyzer and fasting insulin levels were measured by homogeneous phase competitive immunoradiometric assay with an immunoreagent kit using a GC-911c immunoradiometric counter (Enterprises Group of USTC, Hefei, China). The homeostasis model of insulin resistance (HOMA-IR) was calculated using the formula: [fasting glucose (mmol/l)Âfasting insulin (IU/ml)]/22.5.
RT-PCR. Total RNA was isolated using the Qiagen RNA-Easy kit (Qiagen, Germantown, MD, USA) according to the manufacturer's protocol. cDNA was created using oligo (dT), dNTP, 0. (Abdallah et al., 1996) .
Immunoblotting. Hippocampal tissues or PHNs were harvested in a lysis buffer (Sigma-Aldrich). The total amount of protein was determined by bicinchoninic acid (BCA) protein assay (Amresco, Solon, OH, USA). Samples (50 lg of protein) were separated by SDS-PAGE and electroblotted to PVDF membranes, which were blocked by incubation in 5% non-fat dry milk dissolved in TBS-T (150 mM of NaCl, 50 mM of Tris, and 0.05% Tween 20). Following transfer, the proteins were probed using a primary antibody: InsR, IRS1, pIRS1-Tyr612, pIRS1-Tyr896, pIRS1-Ser312, pIRS1-Ser307, pIRS1-Ser1101, PI3K p85, AKT1, pAKT1-Thr308, pAKT1-Ser473, NR1, pNR1-Ser890, pNR1-Ser897, NR2B, Brain Derived Neurotrophic Factor (BDNF), Neurotrophin-3 (NT3), pNR2B-Ser1303, pNR2B-Ser1480, calcium/calmodulin-dependent protein kinase IV (CaMKIV), cAMP response element binding protein (CREB), pCREB Ser133, b-actin (Abcam, Cambridge, MA); pCaMKIV-Thr196/200 (biorbyt); and pInsRb-Tyr1162/1163 (Santa Cruz, CA, USA). Then horseradish peroxidase-conjugated antirabbit secondary antibody was used. After extensive washing, protein bands detected by antibodies were visualized by ECL reagent (Pierce, Waltham, MA, USA) after exposure on Kodak BioMax film (Kodak, Rochester, NY, USA).
Immunofluorescence staining. For brain tissues: four-micron frozen cortical sections fixed in acetone or 4% formaldehyde were blocked for endogenous peroxidase activity with 0.03% H 2 O 2 if appropriate. For PHNs: PHNs cultured on glass coverslips precoated with poly-L-lysine (Sigma-Aldrich) were fixed with 4% paraformaldehyde for 30 min and then treated with 0.1% Triton X-100 for 10 min at room temperature. Blocking was achieved with PBS containing 5% normal goat serum for 1 h at room temperature. Sections were then incubated overnight at 4 C with the following primary antibodies: pAKT1-Thr308, pAKT1-Ser473, pNR1-Ser890, pCREB Ser133, InsR, BDNF, NT3, microtubule associated protein2 ( Statistical analysis. Data are presented as mean 6 SD. The statistical significance between group comparisons was determined by one-way analysis of variance (ANOVA). Values of p < .05 or p < .01 were considered to be statistically significant.
RESULTS

CNS IR in MHE Rats
Based on H&E staining ( Figure 1a ) and Sirius red staining ( Figure  1b) , the TAA-treated rats displayed regenerating hepatic nodules and inflammatory cell infiltration composed of lymphocytes and plasma cells, suggesting the successful establishment of a liver cirrhosis model. The TAA-treated rats with no HE symptoms were then subjected to behavioral tests (a YM and a WFT). The TAA-treated rats with MHE exhibited a loss of spatial working memory and significant decrease in SA% in YM ( Figure 1c ). In WFT, the TAA-treated rats with MHE exhibited latent memory deficits: a significant delay in EL, CL, and DL ( Figure 1d ). These data indicated the establishment of the MHE models. Figure 1 . Establishment of MHE models and CNS insulin resistance in MHE rats. a, H&E staining of liver sections from the control and the TAA-treated rats. Scale bar, 50 lm. b, Sirius red staining of liver sections from the control and the TAA-treated rats. Scale bar, 50 lm. c, d, The MHE rats were subjected to (c) YM (SA%, Spontaneous alternation percentage) and (d) WFT (EL, entry latency; CL, contacting latency; DL, drinking latency). e, Assay for fasting blood glucose levels of MHE rats after fasting for 4 h. f, Assay for fasting plasma insulin levels of the MHE rats after fasting for 4 h. g, HOMA-IR was calculated from fasting glucose and insulin levels in panels (e) and (f). h, Immunoblot analysis of hippocampal lysates from the MHE rats using anti-InsRb/pInsRb and anti-b-actin antibodies and subsequent densitometry (i). j, k, Double immunofluorescence staining of the cortical sections from the MHE rats using antibodies against InsRb (j)/p-InsRb (k) (red) and MAP2 (green). Scale bar, 25 lm. MRGD, merged image. l, Immunoblot analysis of hippocampal lysates from the MHE rats using anti-pIRS1 Ser1101/Ser312/Ser397/Tyr612/Tyr896 and anti-IRS1 antibodies and subsequent densitometry (m, n). o, Immunoblot analysis of hippocampal lysates from the MHE rats using anti-pIRS2 Ser731 and anti-IRS2 antibodies and subsequent densitometry (p). Data are shown as mean6 SD. *p < .05, **p < .01.
Brain IR plays a critical role in memory impairment (Agrawal and Gomez-Pinilla, 2012) . We examined whether IR occurred in the MHE rats. As seen from Figure 1e -g, not only were fasting glucose levels increased, but hyperinsulinemia was also significantly increased; and insulin sensitivity, as evaluated by the HOMA-IR index, was markedly deteriorated in the MHE rats, indicating IR in the MHE rats.
The InsR gene in patients with IR appears to be expressed at low levels (Krook et al., 1994) . Increased basal IRS-1 serine phosphorylation is a key signature of IR (Talbot et al., 2012) . We examined whether IR occurred in the brain tissues of the MHE rats by measuring the levels and phosphorylation of InsR and IRS-1. Based on immunoblotting, the hippocampus of the MHE rats exhibited a decrease in the total InsR level. Phosphorylation of InsR at Tyr1150/1151 as well as a reduction in the levels of InsR was reduced in the hippocampus of the MHE rats (Figure 1h and i). Immunofluorescence staining indicated that the pInsR fluorescence was lower in the cerebral cortexes of the MHE rats ( Figure 1j and k), while the total IRS-1 level was not altered. As determined by IB analysis in Figure 1l -n, tyrosine phosphorylation of IRS-1 at positions 896 and 612 was significantly decreased in the hippocampus of the MHE rats, with a trend toward an increase in the serine phosphorylation status of IRS-1 at Ser1101, Ser312, and Ser 307. IB analysis showed that the serine phosphorylation status of IRS-2 at position 731 was significantly decreased in the hippocampus of the MHE rats (Figure 1o and p). These data suggested IR in the brains of the MHE rats.
RSG Improves IR and Cognitive Impairment in MHE Rats
We first examined the effect of RSG on the liver injury and peripheral IR. The serum levels of alanine aminotransferase (ALT) (Figure 2a ) and aspartate aminotransferase (AST) (Figure 2b ) from the MHE group were significantly increased, and a decreased level of albumin (Alb) (Figure 2c ) was also observed, as compared to the control group (p < .05). However, RSG was found to reverse those changes of serum levels observed in the MHE group. As seen from (Moosavi et al., 2007) . We examined whether RSG improves CNS IR of MHE rats. First, the MHE rats administered with RSG were subjected to Y-maze and WFT tests. RSG reversed both the decreased SA% (Figure 2g ) and the delay in entry latency (EL), contacting latency (CL), drinking latency (DL), reducing the learning impairment (Figure 2h ). Immunoblotting results showed that RSG reversed the decrease in tyrosine phosphorylation of IRS-1 at positions 612 and 896 and the increase in IRS-1 serine phosphorylation at positions 1101, 312, and 307 (Figure 2i-k) . RSG also reduced IRS-2 serine phosphorylation at position 731 by IB analysis (Figure 2l and m) .
Protein tyrosine phosphatase-1 B (PTP-1B) has been shown to be a negative regulator of insulin signaling that inhibits signaling from the insulin receptors (Hirata et al., 2003) . We also examined the effect of RSG on the expression of PTP-1B; IB analysis revealed that an increase in the PTP-1B protein level was observed in the MHE rats, whereas RSG blocked this effect, which indicated the inhibition of RSG on PTP-1B (Figure 2n and o) .
RSG Improves the Deficits of the PI3K/AKT Signaling Pathway in MHE Rats
The IRS-1-PI3K-AKT pathway is one of the canonical pathways downstream of the insulin receptor that insulin initiates to be implicated in memory and learning (Cole and Frautschy, 2007) . IR mostly affects PI3K-AKT signaling in the brain, and chronic hyperinsulinemia prevents insulin-stimulated AKT phosphorylation in cortical neuron cultures (Kim et al., 2011) . It was hypothesized that the deficits in the PI3K/AKT signaling pathway was triggered by IR and may play an essential role in learning impairment in IR-induced MHE. We examined the involvement of PI3K p85 in the insulin-mediated cognitive function in the MHE rats. Western blot analysis confirmed the decreased expression of PI3K p85 in the MHE rats, and RSG increased the PI3K p85 level (Figure 3a and b) . Further Western blot analysis showed the decreased phosphorylation of AKT1 at Ser473 and Thr308 in the MHE rats, whereas RSG reversed phosphorylation of AKT1 at Ser473 and Thr308 (Figure 3c and d) . Consistent with the Western blot results, immunofluorescence analysis revealed increased expressions of p-AKT1-Ser473 and Thr308 (Figure 3e and f) in the MHE rats treated with RSG. These data suggested that IR induced impairment of PI3K/AKT in MHE. We further examined the role of AKT in insulin-mediated spatial learning by knocking down the expression of AKT in the MHE rats. These data indicated the involvement of PI3K/AKT in the pathogenesis of IR-induced MHE.
Insulin Elicits the AKT and NRs Interaction in PHNs
In this experiment, we studied the mechanism underlying insulin signaling-mediated learning facilitation. NMDA receptors are strategically positioned to play a crucial role in the regulation of synaptic function (Traynelis et al., 2010) . Insulin could be modulating NMDA receptor activity by altering the receptor's phosphorylation state. We hypothesized that the insulin PI3K/ AKT pathway modulates learning ability by signaling to phosphorylation of NMDAR. To confirm that AKT interacts with NMDA receptor in vitro, we also performed coimmunoprecipitation experiments. Cells were cotransfected with Flag-tagged AKT1 (AKT1-Flag) and Myc-tagged NR1 (NR1-Myc), and then lysates were used for immunoprecipitation with polyclonal antibodies against AKT-1 or NR-1. After extensive washing, the immunoprecipitates were resolved by 10% SDS-PAGE and analyzed for the presence of AKT1-Flag and NR1-Myc by Western blotting. As shown in Figure 4a , AKT and NR1 were detected in both anti-AKT and anti-NR1 immunoprecipitates, but not in lysates immunoprecipitated with control IgG antisera. AKT1 transfection was further confirmed by Western blot using antiFlag antibody and NR1 transfection was further confirmed by anti-Myc antibody (Figure 4a ). Immunocytochemical analysis showed the co-localization of NR1 and AKT1 in the PHNs visualized in yellow (Figure 4b ). Then cells were cotransfected with Flag-tagged AKT1 (AKT1-Flag) and Myc-tagged NR2B (NR2B-Myc). In the inverse experiment, lysates were subjected to immunoprecipitation with an anti-AKT1 antibody or anti-NR2B antibody, and as predicted, NR1-Myc and AKT1 were readily detectable. In addition, AKT1 was also clearly detected. AKT1 transfection was further confirmed by Western blot using antiFlag antibody and NR2B transfection was further confirmed by anti-Myc antibody (Figure 4c ). Cells were examined under confocal microscope. Colocalization of AKT1 and NR2B was visualized in yellow corresponding to the merging of the green staining of NR2B and the red staining of AKT1 detected by indirect immunofluorescence (Figure 4d ). However, immunoprecipitation analysis further showed that AKT1 and NR2A cannot physically interact when cells were cotransfected with Flagtagged AKT-1 and Myc-tagged NR2A (data not shown).
We examined whether insulin regulates the phosphorylation of NR1 and NR2B dependent on AKT1. By immunoblotting (IB) analysis, Figure 5a -c shows that there was increased pNR1 at Ser897 and Ser890 in the PHNs in response to insulin, ly294002, or tricribine abrogated the increased pNR1. Insulin increased phosphorylation of NR2B at Ser1303 and Ser1480 in PHNs, ly294002, or tricribine diminished the effect (Figure 5d-f) . By immunofluorescence (IF) staining, the increase in pNR1 (ser890) immunofluorescence in PHNs in response to insulin was blocked by the addition of ly294002 or tricribine (Figure 5g ). We further confirmed the insulin-mediated AKT1-NR1 and AKT1-NR2B interaction by coimmunoprecipitation. Lysates were subjected to immunoprecipitation with an anti-AKT1 antibody, and as predicted, insulin induced an increase of phosphorylation of AKT1 at Ser473 and Thr308. Insulin increased NR1 and NR2B co-immunoprecipitated with AKT1 ( Figure 5h ). Next, lysates were subjected to immunoprecipitation with an anti-NR1 antibody, and as predicted; insulin increased AKT1 co-immunoprecipitated with NR1, and stimulated AKT-induced phosphorylation of NR1 at Ser890 and Ser897 and phosphorylation of NR2B at Ser1303 and Ser1480 (Figure 5i ). Then lysates were subjected to immunoprecipitation with an anti-NR2B antibody, and as predicted, insulin increased AKT1 co-immunoprecipitated with NR2B, and stimulated AKTinduced phosphorylation of NR1 at Ser890 and Ser897 and phosphorylation of NR2B at Ser1303 and Ser1480 (Figure 5j) . We determined the Ca 2þ response stimulated by insulin in PHNs.
Insulin stimulates a maximal mobilization of intracellular Ca f, HOMA-IR was calculated from fasting glucose and insulin levels in panels (d) and (e). g, h, The MHE rats administered with RSG were subjected to (g) YM (SA%, Spontaneous alternation percentage) and (h) WFT (EL, entry latency; CL, contacting latency; DL, drinking latency). i, Immunoblot analysis of hippocampal lysates from the MHE rats administered with RSG using anti-pIRS1 Ser1101/Ser312/Ser307/Tyr 612/Tyr 896 and anti-IRS1 antibodies and subsequent densitometry (j, k).
l, Immunoblot analysis of hippocampal lysates from the MHE rats administered with RSG using anti-pIRS2 Ser731 and anti-IRS2 antibodies and subsequent densitometry (m). n, Immunoblot analysis of hippocampal lysates from the MHE rats administered with RSG using anti-PTP-1B and b-actin antibodies and subsequent densitometry (o). Data are shown as mean6 SD. *p < .05, **p < 0.01. Scale bar, 25 lm. MRGD, merged image.
Insulin Induced the Activation of the CAMKIV/CREB Pathway to Trigger the Production of Neurotrophic Factors Generally, NR2B, CaMKIV, and CREB are considered to be memory-related genes (Win-Shwe et al., 2010) and synaptic plasticity genes (Shibasaki et al., 2011) . Furthermore, in mature neurons, the activation of NMDA receptors results in a Ca 2þ influx followed by the activation of CaMKIV/CREB (Impey et al., 2002) . We hypothesized that insulin-stimulated AKT1/NR1 signaling triggers the CaMKIV/CREB pathway and further maintains learning and memory. IB analysis showed that insulin induced CaMKIV phosphorylation without altering the total CaMKIV levels. The increased CaMKIV phosphorylation was inhibited by the addition of ly294002 or MK-801 (Figure 6a and b). IF staining showed that the elevated pCaMKIV immunofluorescence was blocked by ly294002 or MK-801 (Figure 6c ). Insulin induced CREB phosphorylation without altering total CREB levels in PHNs, and the addition of MK-801 abated the effect ( Figure  6d and e). IB analysis showed that BDNF and NT-3 production was induced by insulin, which was completely abated by MK-801 (Figure 6f and g ). By IF staining, MK-801 treatment diminished the insulin-induced increased pCREB/BDNF/NT3 immunofluorescence (Figure 6h-j) .
RSG Improves the Impairment of AKT-NMDA Receptor Interaction in MHE According to the above results, we hypothesized that IR induced the deficits in the insulin-mediated AKT1/NR/CAMKIV/CREB signaling pathway associated with memory in MHE. By IB analysis, phosphorylation of NR1 at Ser897 and Ser890 was decreased in the hippocampus of the MHE rats, which was reversed by RSG, whereas ly294002 treatment diminished the effect of RSG (Figure 7a and b) . The MHE rats also showed decreased phosphorylation of NR2B at Ser1303 and Ser1480 and RSG treatment abolished the decrease in pNR2B, which was further blocked by the addition of ly294002 (Figure 7c and d) . By IF staining, pNR1-ser890 was weakly expressed in the neurons in the cerebral cortex of the MHE rats and was strongly expressed in the neurons in the MHE rats treated with RSG, but the effect of RSG was diminished by ly294002 ( Figure 7e ). We further confirmed whether RSG regulates the AKT1-NR1 and AKT1-NR2B complex by co-immunoprecipitation. Then hippocampal lysates were subjected to immunoprecipitation with an anti-AKT1 antibody and immunoblotted for anti-pAKT1 (Ser473)/NR1/NR2B, and as predicted, the contents of p-AKT1-Ser473 and the NR1 and NR2B levels were decreased in the MHE group; they were reversed by RSG (Figure 7f ). Then lysates were subjected to immunoprecipitation with an anti-NR1 antibody and immunoblotted for anti-AKT1/pNR1 (Ser890)/pNR2B (Ser1303), and as predicted, RSG reversed the decreased AKT1 and AKT-induced phosphorylation of NR1 at Ser890 and phosphorylation of NR2B at Ser1303 (Figure 7g ). Lysates were subjected to immunoprecipitation with an anti-NR2B antibody and immunoblotted for anti-AKT1/pNR1 (Ser890)/pNR2B (Ser1303), and as predicted, the AKT1 level and AKT-induced phosphorylation of NR1 at Ser890 and phosphorylation of NR2B at Ser1303 were decreased in the MHE group; all of which were reversed by Figure 3 . InsRb overexpression improves the deficits of PI3K/AKT signaling pathway in the MHE rats. a, Immunoblot analysis of hippocampal lysates from the MHE rats administered with RSG using anti-PI3K p85 and anti-b-actin antibodies and subsequent densitometry (b). c, Immunoblot analysis of hippocampal lysates from the MHE rats administered with RSG using anti-pAKT1 thr473/ser308 and anti-AKT1 antibodies and subsequent densitometry (d). e, f, Double immunofluorescence staining of the cortical sections from the MHE rats administered with RSG using antibodies against pAKT1 Ser473 (d)/pAKT1 Thr308 (e) (red) and MAP2 (green). Data are shown as mean 6 SD. *p < .05, **p < .01; scale bar, 25 lm; and MRGD, merged image. Figure 7h ). These data suggest that IR induced deficits in the AKT/NR interaction in the MHE rats.
RSG (
RSG Improves the Impairment of the CaMKIV-CREB Pathway in MHE Rats
Phosphorylation of CaMKIV was reduced in the hippocampus of the MHE rats. RSG improved the level of CaMKIV phosphorylation and further analysis indicated that ly294002 blocked the effect of RSG on the pCaMKIV level (Figure 8a and b) . By IF staining, pCaMKIV was weakly expressed in the cortex of the MHE rats, whereas the pCaMKIV level was readily detectable following RSG administration and it was diminished by ly294002 ( Figure 8c ). The level of CREB phosphorylation was decreased in the hippocampus of the MHE rats. RSG administration increased the phosphorylation of CREB, which was abrogated by AKT1 silencing (Figure 8d and e). p-CREB immunofluorescence was also decreased in the cortex of the MHE rats and this was reversed by RSG, while knockdown of AKT1 diminished the effect of RSG by IF staining (Figure 8f ). These data indicated that a defective AKT1/NR/CAMKIV/CREB signaling pathway was one of the molecular pathogenesis of IR-induced MHE.
RSG Triggers Production of BDNF/NT-3 in MHE Rats
We further confirmed the association of the insulin-mediated AKT pathway with the production of neurotrophins in MHE. BDNF/NT-3 mRNA was also reduced in the hippocampus of the MHE rats and improved by rRSG, and the effect of RSG was blocked by ly294002 (Figure 9a) . Results from Western blot indicated that the production of BDNF/NT-3 was reduced in the hippocampus of the MHE rats, and it was reversed by RSG administration, while interference of AKT1 siRNA effectively blocked the improving effect of RSG (Figure 9b and c) . As indicated by the IF analysis for the BDNF levels in Figure 9d , we confirmed that BDNF was reducedly expressed in the MHE rats, while it was strongly expressed after RSG administration, and AKT1 siRNA transfection blocked the effect of RSG. RSG also reversed the decrease in the level of NT-3 in the MHE rats, which was abated by the AKT1 knockdown by IF staining (Figure 9e ). These data indicated that IR impaired neurotrophin production via the AKT1 signaling pathway in MHE.
DISCUSSION
Results from population-based studies suggest that insulin resistance is tightly linked to cognitive impairment and a smaller brain size (Bruehl et al., 2010) . InsR was required for the transportation of glucose and peripheral insulin across the blood-brain barrier and it has a role in higher cognitive functions, particularly in learning and memory (Dou et al., 2005) . Also, IRS-1 is present at synapses for both astrocytes and neurons (Abbott et al., 1999) . Intranasal insulin administration improved working memory in both human and animal studies (Benedict et al., 2011) , and the intrahippocampal delivery of insulin improved hippocampaldependent spatial working memory (McNay et al., 2010) , suggesting that neuronal insulin sensitivity could be enhanced during learning. Our study showed that poor cognitive performance in MHE is associated with a decrease in InsR expression.
In the current study, the results indicated that the insulin resistance occurred in the brains of the MHE rats and cognition impairment was reversed after RSG administration. Increased IRS-1 serine phosphorylation in the IR states has been reported in both animal and human studies (Boura-Halfon and Zick, 2009). Our study reported that increased basal IRS-1 serine phosphorylation, a key signature of IR, is evident in the MHE brain and recovered to the normal level with RSG. Finally, insulin resistance was recently speculated to contribute to MHEmediated cognitive dysfunction.
Insulin resistance/hyperinsulinemia is also characteristic of patients with chronic liver disease (Imazeki et al., 2008) . IR parallels the liver fibrosis stage (Petta et al., 2011) . It has been reported that a decrease in islet mass and/or beta-cell dysfunction is a pathogenesis for hepatogenous DM (Narita et al., 2004) ; hyperinsulinemia in cirrhotic patients may be caused by an adaptive response of the pancreatic beta cells to increased insulin resistance. In this study, we provided the first evidence that confirms that hepatic cirrhosis-induced insulin resistance occurred in MHE and directly induced the pathogenesis of MHE.
This study demonstrated that rats injected with CCl 4 for 12 weeks displayed impairments in learning and memory tasks. Furthermore, the brains of hepatic cirrhotic rats showed decreased content and phosphorylation of InsR and increased IRS-1 serine phosphorylation, a marker of IR. Therefore, impaired insulin signaling caused by IR can have a profound effect on cognitive decline and the development of MHE. These results suggest that liver cirrhosis-induced peripheral IR alters central insulin signaling and leads to central IR. Insulin is critical for the maintenance of numerous downstream intracellular signaling pathways. Insulin stimulation upregulates protein-tyrosine phosphorylation (Mahadev et al., 2004) through downstream activation of IRS-1 (Huang et al., 2005) . Insulin presence leads to the activation of AKT and phosphorylation of AKT substrates (Bruss et al., 2005) . IR mostly affects PI3K-AKT signaling in the brain, and chronic hyperinsulinemia prevents insulin-stimulated AKT phosphorylation in cortical neuron cultures (Kim et al., 2011) . AKT mediates the bulk of insulin's action, including glycogen, lipid, and protein synthesis, cell survival, and anti-inflammatory response. Alterations in AKT activity are one of the key characteristics of IR. AKT2 knockout mice have impaired insulin action in the liver and skeletal muscle and develop diabetes with hyperglycemia, hyperinsulinemia, glucose intolerance, and impaired muscle glucose uptake (Hay, 2011) . Insulin may exert its protective effects through the PI3K/AKT pathway. This study also showed a linear relationship between PI3K protein expression and the behavioral measures of the cognitive abilities. Defective insulin signaling is associated with decreased cognitive ability and the development of dementia, including MHE. PI3K immunoprecipitation with IRS-1 in the MHE group was lower than that in normal group. In this study, we demonstrated that p-AKT but not AKT expression, were significantly decreased in the cerebral cortexes of the MHE rats. p-AKT levels were persistently increased after RSG administration. Our present study demonstrated dysfunctional insulin-mediated AKT signaling in MHE and RSG treatment stimulated AKT activation in neurons. It is suggested that insulin-AKT signaling is closely related to insulin-regulated cognitive function. Insulin resistance leads to a decrease in AKT and NR1 interaction and AKT-dependent phosphorylation of NR1 and NR2B in the MHE rats; this effect was reversed by RSG. Consistent with the possible role phosphorylation may play in insulin modulation of NMDA receptor activity, we reported that insulin resistance induced a decrease in serine phosphorylation of NR1 and NR2B in the MHE rats. Figure 8 . RSG improves the impairment of AKT signaling to CaMKIV-CREB pathway in the MHE rats. a, Immunoblot analysis of hippocampal lysates from the MHE rats administered with RSG in the presence or absence of ly294002 using anti-pCaMKIV and anti-CaMKIV antibodies and subsequent densitometry (b). c, Double immunofluorescence staining of the cortical sections from the MHE rats administered with RSG in the presence or absence of ly294002 using antibodies against pCaMKIV (red) and MAP2 (green). d, Immunoblot analysis of hippocampal lysates from the MHE rats administered with RSG together with AKT1 siRNA transfection using anti-pCREB and anti-CREB antibodies and subsequent densitometry (e). f, Double immunofluorescence staining of the cortical sections from the MHE rats administered with RSG together with AKT1 siRNA transfection using antibodies against pCREB (red) and MAP2 (green). Data are shown as mean 6 SD. *p < .05, **p < .01; scale bar, 25 lm; and MRGD, merged image.
NMDA receptors are glutamate-gated ion channels that are enriched at excitatory synapses, where they are strategically positioned to play a crucial role in the regulation of synaptic function (Traynelis et al., 2010) , and act as the molecular gating switch for learning and memory (Wang et al., 2006; Zhang et al., 2013) . A unique feature of NMDA receptors is their high permeability to Ca 2þ . Ca 2þ influx, which is essential for synaptogenesis through NMDA receptor, plasticity of neural circuitry, and higher cognitive functions, such as learning and memory. Insulin enables robust Ca 2þ mobilization; insulin-mediated Ca 2þ mobilization appears to be dependent upon the activation of AKT and NR1. Therefore, we uncovered an additional memory regulation point of insulin-nourished PHNs. Insulin modulation of NMDA receptor activity in vivo could account for recent findings regarding the effects of insulin on learning (Wickelgren, 1998) . Because NMDA receptor activity is important for long-term potentiation (LTP) and certain forms of memory (Morris and Frey, 1997) , insulin potentiation of NMDA receptors would be expected to enhance learning mechanisms. There are several potential mechanisms by which insulin could cause NMDA receptor phosphorylation. PI3K also enhances voltage-dependent calcium channel current functioning in diabetic neurons (Viard et al., 2004) . Receptor phosphorylation and enhanced receptor activity by insulin may constitute a critical mechanism modulating NMDA receptor-mediated synaptic transmission, plasticity, and excitotoxicity. N-Methyl-D-aspartate (NMDA) receptor-mediated currents are enhanced by phosphorylation. Insulin causes a transient phosphorylation of NR2B NMDA receptor subunits on tyrosine residues. Insulin could be modulating NMDA receptor activity by altering the receptor's phosphorylation state. Insulin receptors and their associated effector protein, insulin receptor substrate (IRS), signal through a wide variety of kinases and phosphatases (White, 1996) . Insulin receptors, IRS-1 and -2, and their signaling plasticity are enriched in the hippocampus and the cerebral cortex (Folli et al., 1996) , where NMDA receptors are found in abundance (Monaghan and Cotman, 1985) . Furthermore, phosphorylation of NMDA receptors is known to enhance receptor responses and NMDA receptor-mediated synaptic plasticity (Wang et al., 1996) , and numerous kinases and phosphatases are known to regulate NMDA receptor phosphorylation (Raymond et al., 1994) . Phosphorylation of NMDA receptors (NR) and the following up-regulation of their function induced by glutamate mediate the calcium overload through Figure 9 . RSG improves the production of neurotrophic factors in MHE rats. a, An assay for BDNF and NT-3 mRNA in hippocampal lysates of the MHE rats administered with RSG in the presence or absence of ly294002 by RT-PCR. b, Immunoblot analysis of hippocampal lysates from the MHE rats administered with RSG together with AKT1 siRNA transfection using anti-BDNF/NT3 and anti-b-actin antibodies and subsequent densitometry (c). d, e, Double immunofluorescence staining of the cortical sections from the MHE rats administered with RSG together with AKT1 siRNA transfection using antibodies against BDNF (d)/NT3 (e) (red) and MAP2 (green). Data are shown as mean 6 SD. *p < .05, **p < .01. Scale bar, 25 lm. MRGD, merged image. intracellular signal cascades (Kimura et al., 1998) . Our results indicated that at least one of the insulin signaling pathways is able to potently modulate NMDA receptor activity.
NMDA receptors are composed of combinations of NR1, NR2A-D, and NR3 subunits (Goebel and Poosch, 1999; McBain and Mayer, 1994) , while tyrosine phosphorylation of NMDA receptors has been implicated in the LTP (Nakazawa et al., 2001; Rostas et al., 1996) . The NR1 subunit is a necessary component of functional NMDA receptor channels (McBain and Mayer, 1994) . It has recently been demonstrated that alterations in the expression of synaptic NR1 subunits in the hippocampus are associated with memory formation of an inhibitory avoidance task (Cammarota et al., 2000) . The change in the expression of NR1 subunits has been reported to be the molecular basis for the maintenance phase of LTP (Thomas et al., 1994) . In addition, an overexpression of the NR2B subunit in the forebrain excitatory neurons enhances many forms of learning and memory in both transgenic mice and rats (Cui et al., 2011; Jacobs and Tsien, 2012; Tang et al., 1999 Tang et al., , 2001 Wang et al., 2012) . Several studies indicated that tyrosine phosphorylation of NR2 can regulate the activity of NMDA receptors and that the phosphorylation is involved in LTP induction, memory formation, and synaptic plasticity (Kö hr and Seeburg, 1996; Rosenblum et al., 1996; Rostas et al., 1996; Salter and Kalia, 2004; Wang and Salter, 1994) . In particular, it has been shown that the phosphorylation of NR2B has been implicated in LTP induction and NMDA receptor activation (Kö hr and Seeburg, 1996; Lu et al., 1998; Nakazawa et al., 2001 Nakazawa et al., , 2006 Salter and Kalia, 2004) . Our results confirmed the interaction between AKT1 and NR1 and between AKT1 and NR2B. AKT2 activation is closely correlated to phosphorylation of the NMDA receptor via insulin-activated PI3K signals in PHNs, and AKT1-induced phosphorylation of NR1 and NR2B plays a key role in insulin-mediated cognitive function. The current study evaluated the ability of insulin to modulate the phosphorylation of NMDA receptor serine residues as this is a potential mechanism for insulin's action on NMDA receptors. Thus, NR1 and NR2B sub-units may represent an important target for insulin signaling. RSG could modulate NMDA receptor activity by altering the AKT-dependent receptor's serine phosphorylation state in MHE.
Taken together, our findings combined with findings that insulin resistance in vivo support that AKT signaling to NR might be the common mechanism for the pathogenesis of MHE. NMDA receptor phosphorylation may contribute to NMDA receptor currents and NMDA receptor-dependent LTP induction (Li et al., 2001; Maki et al., 2013; Singh et al., 2012) . Emerging evidence reveals that PKA signaling represents a fundamental mechanism by which NMDAR-mediated Ca 2þ influx is modulated in neurons, and the carboxy-terminal tail of NR2B has been identified as a novel molecular target of PKA phosphorylation that is critical to Ca 2þ signaling in dendritic spines and is regulated by the emotional response to stress (Murphy et al., 2014) . It was hypothesized that AKT, another major kinase, could also regulate the activation of NMDAR-dependent Ca 2þ signaling by AKT-dependent NMDAR serine phosphorylation. We proposed that NMDA receptors, including NR2A and NR2B, can be activated, resulting in the elevation of intracellular Ca 2þ in post-synaptic cells . It has been well established that Ca 2þ binds to calmodulin (CaM), which activates CaM target proteins, such as Ca 2þ /CaM-dependent protein kinases (CaMKIV) in the hippocampus (Malenka and Bear, 2004) . Thus, the underlying mechanisms of memory impairment in Figure 10 . Insulin-mediated PI3K/AKT/NRs/CaMKIV/CREB pathway. Insulin initiates its effects by autophosphorylation of the intracellular b-subunit of insulin receptor (InsR). Once activated, the InsR recruits InsR substrate (IRS) family proteins. Phosphorylated tyrosine residues on IRS then recruits the downstream p85 subunit of phosphatidylinositol 3 kinase (PI3K), which activates AKT. Phosphorylated AKT leads to the serine phosphorylation of the subunits of the NMDA receptor (NR1 and NR2B), which potentiates Ca 2þ influx, and to the phosphorylation of CaMKIV and CREB and the production of neurotrophins.
MHE was complicated, and here we report that serine phosphorylation of both the NR1 (Ser890 and Ser 897) and NR2B NMDA receptor (Ser 1303 and Ser 1480) subunits were decreased in the MHE rats. The activation of AKT has the potential to directly alter NMDA receptor serine phosphorylation through the AKT signal transduction pathways. It has been well established that the cyclic AMP-responsive element binding protein (CREB) is a major transcription factor associated with long-term memory (Hardingham and Bading, 2002) . CaMKIV plays an essential role in activity-dependent CREB phosphorylation. In the hippocampus, the CaMKIV-CREB pathway is required for protein synthesis-dependent late-phase LTP (Jaworski et al., 2003) . On the other hand, it is conceivable that CaMKIV is also involved in early-phase LTP. A longer-lasting rosiglitazone treatment also rescued impaired spatial memory. These effects are probably of central origin as rosiglitazone passes readily into the brain. RSG also improved phosphorylation of CaMKIV and CREB and the production of BDNF/NT-3 in MHE.
Here, we demonstrated a previously unrecognized expression of activated pCaMKIV in PHNs, whose expression level changes at the presence of insulin. And we showed that NR2B is indispensable for optimal CaMKIV phosphorylation, indicating the link between CaMKIV and CREB in neurons is also present in the insulin-induced memory pathway. A significant phosphorylation of AKT expression was associated with a simultaneously reduced production of neurotrophins in the MHE rats. We suggested that insulin activated the PI3K/AKT pathway and triggered AKT-dependent phosphorylation of the NMDA receptor, which subsequently, induced the activation of CaMKIV-CREB signaling and the production of neurotrophin (Figure 10 ). This study demonstrates that MHE is linked to CNS insulin resistance. RSG activates insulin signaling, which mainly impacts the PI3K/AKT pathway, then elevates the activation of NR1-CaMKIV-CREB and neurotrophin factor levels. Finally, decreased neurotrophin factor further exacerbates MHE pathology and cognitive decline. This raises the possibility that the AKT pathway functions to maintain memory with the effect of neurotrophin factors. RSG potentiates Ca 2þ influx via phosphorylation of NR1 and NR2B, followed by phosphorylation of memory-related molecules (CaMKIV and CREB). These observations suggest that RSG maintains the release of neurotrophin factors, which in turn promotes memory function.
In conclusion, this is the first study to show that IR leads to a disruption of the production of BDNF/NT-3 in events underlying memory ability and has received relatively little attention in MHE. The results support our hypothesis that in peripheral insulin resistance disease states, for example, liver cirrhosisinduced insulin resistance, cognitive impairment can be mediated via a liver/peripheral-brain axis due to increased insulin production and trafficking across the blood-brain barrier. This study provides further mechanistic support for the use of rosiglitazone in the treatment of MHE.
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